NEK (NIMA-related kinase) is known as a family of serine/ threonine kinases which mainly participate in microtubulerelated mitotic events in fungi, mammals and other eukaryotes. Our previous studies found that Arabidopsis NEK6 plays an important role in plant response to abiotic stress. We further investigated roles of the NEK family in soybean and found that at least eight members can respond to abiotic stresses. Among them, only GmNEK1, a novel NEK member which is distantly related to Arabidopsis NEK6, enhanced plant growth and promoted salt and cold tolerance in transgenic Arabidopsis plants. The growth of soybean plants harboring GmNEK1-overexpressing hairy roots under saline condition was also improved. A series of stressrelated genes including RH3, CORI3 and ALDH10A8 were found to be up-regulated in GmNEK1-overexpressing Arabidopsis plants and soybean hairy roots. Moreover, soybean plants with GmRH3-overexpressing hairy roots exhibited increased salt tolerance, while soybean plants with GmRH3-RNAi (RNA interference) roots were more sensitive to salt stress than the wild-type plants. Our study uncovers a novel role for GmNEK1 in promoting plant adaptive growth under adverse conditions at least partially through up-regulation of GmRH3. Manipulation of these genes in soybean or other crops may improve growth and production under stress conditions.
Introduction
Soybean (Glycine max L.) is a widely cultivated crop and provides a large proportion of edible oil and protein for humans and animals. However, soybean production is threatened by all kinds of abiotic stresses such as salt, drought and extreme temperature. These stresses usually lead to cellular dehydration and damage that hinder plant normal growth and even cause death. Like other plant species, soybean generates various mechanisms of physiological and biochemical self-adjustment that are mediated by the gene regulatory network in response to adverse stimuli , Yin and Komatsu 2015 . Although most stress-elicited changes of gene expression are mediated by transcription factors, some other regulatory proteins are also required for plant response to abiotic stress, such as receptor-like kinases (Ouyang et al. 2010 , Chen et al. 2013 , Li et al. 2014 , ankyrin repeatcontaining proteins and NIMA (Never In Mitosis Gene A)-related kinases (NEKs) etc. (Sakamoto et al. 2008 , Sharma and Pandey 2015 .
NEKs are a family of serine/threonine kinases that mainly participate in microtubule-related mitotic events in fungi and animal cells (Takatani et al. 2015) . A signaling module constituted by the NIMA family protein kinases NEK9, NEK6 and NEK7 is activated in early mitosis and involved in the control of spindle organization (Gallego et al. 2013) . Human NEK7 interacts with RGS2, and this interaction is essential for mitotic spindle organization (de Souza et al. 2015) . A more detailed study in Aspergillus nidulans found that the NIMA kinase is essential for both mitotic entry and sequential completion of stage-specific mitotic events (e.g. bipolar spindle formation, nuclear pore complex disassembly, chromatin segregation and nuclear envelope rearrangements) (Govindaraghavan et al. 2014) . As well as ther role in cell mitosis, NEK kinases also regulate many other important biological processes. In Caenorhabditis elegans, NIMA-related kinases NEKL-2 and NEKL-3 are necessary for completion of molting, but seem to be unrelated to cell division (Yochem et al. 2014) . In humans, NEK11 directly phosphorylates CDC25A to promote its degradation during DNA damage-induced cell cycle checkpoints, and its mutation may promote the development of human cancer (Marina et al. 2009 ). NEK4 takes part in DNA damage response, cilia maintenance and microtubule stabilization, and may be involved in apoptosis signaling, RNA splicing, stress response, etc. (Basei et al. 2015) .
In plants, a NIMA-like protein kinase transcript was first discovered to be highly expressed in meristems of Antirrhinum majus in 1996 (Zhang et al. 1996) . Since then, a series of studies were carried out to explore the function of the NEK family in plants. In tomato, a NIMA-like kinase SPAK is an essential partner in the SP (SELF-PRUNING)-interacting proteins-defined signaling system that regulates shoot architecture and flowering (Pnueli et al. 2001 ). Overexpression of a poplar NIMA-related kinase PNek1 in Arabidopsis led to abnormal flowers and siliques, suggesting a possible role for the NEK family in plant development (Cloutier et al. 2005) . In Arabidopsis, NEK6 interacts with armadillo repeat-containing kinesins to affect epidermal cell morphogenesis via regulation of the distribution of endoplasmic microtubules (Sakai et al. 2008) . Mutation of NEK6 in Arabidopsis causes formation of protuberances on the hypocotyl and petiole epidermis (Motose et al. 2008) . Further study revealed that NEK6 can form homodimers and heterodimers with NEK4 and NEK5 to regulate microtubule organization during epidermal cell expansion, probably through phosphorylation of b-tubulins (Motose et al. 2011) . OsNek3 might act downstream of the mitochondrial protein phosphatase 2C DCW11 to regulate pollen germination in rice (Fujii et al. 2009 ).
Previously, during an analysis of ethylene receptor-regulated stress-responsive genes (He et al. 2005) , we identified a NEK6 gene in Arabidopsis. This gene and its protein can be induced by ethylene and salt stress, and overexpression of the gene promotes plant growth, enhances seed weight per plant and improves plant performance under salt and osmotic stresses . In this study, we further characterized the NEK family proteins from soybean and found that GmNEK1, a protein distantly related to AtNEK6, promotes plant growth and improves salt and cold tolerance at least partially through activation of expression of an RNA helicase gene RH3. Our study reveals novel insight into the functions of NEK in plant growth and stress responses of soybean.
Results

Sequence analysis of GmNEKs from soybean
To analyze the NEK family in soybean, we screened for NEK homologs in Phytozome v11.0 (Glycine max Wm82.a2.v1) using the BLAST tool, with AtNEK6 as the query sequence. We found 15 NEK homologs in the soybean genome ( Supplementary Fig.  S1 ). These GmNEKs shared at least 35% identity with their homologs from Arabidopsis and rice. Phylogenetic analysis revealed that the NEK proteins from the three plant species can be roughly divided into three groups ( Supplementary Fig. S1 ). Eight GmNEK members from soybean (GmNEK1, GmNEK3, GmNEK4, GmNEK5, GmNEK6, GmNEK8, GmNEK9 and GmNEK10), three AtNEKs from Arabidopsis (AtNEK1, AtNEK2 and AtNEK3) and three OsNEKs from rice (OsNEK1, OsNEK2 and OsNEK3) were clustered in group I with >60% identity. Two soybean GmNEKs (GmNEK2 and GmNEK7), two Arabidopsis AtNEKs (AtNEK4 and AtNEK5) and two rice OsNEKs (OsNEK4 and OsNEK6) were clustered in group II with >50% identity. Four soybean GmNEKs (GmNEK12, GmNEK13, GmNEK14 and GmNEK15), two Arabidopsis AtNEKs (AtNEK6 and AtNEK7) and rice OsNEK5 were clustered in group III with >50% identity. It should be noted that soybean GmNEK11 was distantly related to other NEK family members, with <40% identity, probably suggesting special features.
Based on the cluster analysis, eight GmNEKs (GmNEK1, 5, 6, 7, 9, 13, 14 and 15) from different groups were selected for further study (Supplementary Fig. S1 ). Protein domain prediction using SMART showed that all eight GmNEKs contain a serine/threonine protein kinase domain at their N-terminus ( Supplementary Fig. S2 ). Sequence alignment analysis showed that amino acid sequences of the serine/threonine protein kinase domain in these GmNEKs were highly conserved, indicating that this domain is likely to be fundamental in all GmNEKs ( Supplementary Fig. S3 ). At the C-terminal end, a conserved domain of approximately 50 residues was also noted; however, the possible function of this domain was not clear. Between the N-terminal kinase domain and the C-terminal conserved domain of 50 residues, a variable region was present, and the length of this region determined the final length of the various NEK proteins.
GmNEK gene expression pattern and protein subcellular localization
The expression patterns of the GmNEK genes in different organs and under various environmental stresses were analyzed. It can be seen in Fig. 1A that all eight GmNEK genes are widely expressed in root, stem, leaf, flower and seed, with the highest expression level in leaf but the lowest in seed. The transcripts of GmNEK1 are most abundant among the eight selected NEK genes in soybean (Fig. 1A) .
All the eight NEK genes in soybean are inducible by various environmental stimuli, including salt, drought and cold stress, indicating their potential roles in plant response to abiotic stresses (Fig. 1B-D) . However, the expression patterns of different NEK members under different stress treatments are varied. Compared with the mild inductions by drought treatment, transcripts of most GmNEK genes are accumulated rapidly within 6 h under salt and cold treatments, but decline to nearly normal levels after 12 h treatment, except for the GmNEK1 gene, whose transcript level is still much higher than that before treatment. During the whole process of treatment, the expression level of GmNEK1 is noticeably higher than that of the other seven GmNEK genes. From these data, we propose that most of the NEK members in soybean are responsive to various abiotic stresses.
The subcellular localization of GmNEK1 was analyzed by transient expression of GmNEK1-red fluorescent protein (RFP) fusion protein in Nicotiana benthamiana leaf epidermal cells as described previously . In addition, green fluorescent protein (GFP)-TUB6 was also co-expressed as a marker of microtubule localization. As a result, the fluorescence signal of GmNEK1-RFP is merged with the GFP-TUB6 signal at the cytoskeleton-like structures, indicating that GmNEK1 is colocalized with TUB6 at the microtubule (Fig. 2) .
Overexpression of GmNEK1 in Arabidopsis promotes leaf growth
The eight GmNEK genes were transformed into Arabidopsis plants to study their biological functions. The performances of all selected GmNEK gene transgenic Arabidopsis lines under normal growth conditions were examined. The three GmNEK1-overexpressing lines have enlarged rosettes and leaves compared with the wild type ( Fig. 3A-C) , while all the other GmNEK gene transgenic lines showed a normal phenotype like the wild type ( Supplementary Figs. S4, S5 ). The leaf epidermal cells of GmNEK1-transgenic plants were further analyzed using scanning electron microscopy (SEM). The cell area of leaf epidermal cells in the three GmNEK1-transgenic lines is very similar to that from the wild-type epidermal cells (Fig. 3D, E) . These results indicate that GmNEK1 promotes plant growth, possibly through regulation of cell proliferation but not cell size. We then examined whether GmNEK1 functioned through activating the expression of cell cycle-related genes, just like the homolog AtNEK6 did in Arabidopsis . Indeed, the transcripts of CYCB1;1 and CYCA3;1 in GmNEK1-transgenic plants were increased as compared with wild-type plants, and the increases were roughly correlated with the expression levels of GmNEK1 in transgenic plants (Fig. 3F) . Transcriptome sequencing was further carried out to explore altered gene expression in GmNEK1-overexpressing plants. More than 1,000 differential genes were found to be up-regulated or down-regulated in GmNEK1-overexpressing Arabidopsis plants compared with the wild type. Among these differentially expressed genes, four cell proliferation/leaf growth-related genes, i.e. ARF7 (AT5G20730), SCD1 (AT1G49040), UBP15 (AT1G17110) and CHR3 (AT2G28290), were further identified to be up-regulated in the GmNEK1-overexpressing plants (Fig. 3F) , suggesting that GmNEK1 may activate the expression of these additional genes to promote leaf growth.
GmNEK1 confers improved salt and cold tolerance in transgenic Arabidopsis
Since most of the eight GmNEK genes are induced by salt and cold treatments, we tested whether these GmNEKs participate in plant tolerance to salt and cold stress. Five-day-old seedlings of the GmNEK-transgenic lines were treated with 150 mM NaCl on Murashige and Skoog (MS) plates for 3 d, and the performance was evaluated. The seedlings of GmNEK1-transgenic lines had a survival rate of 65-88%, which is significantly higher than the 40% survival rate of the wild type ( Supplementary Fig. S6 ). However, the performance of the transgenic lines overexpressing the other seven GmNEK genes was similar to that of the wild type ( Supplementary Fig. S6 ). These results suggest that only GmNEK1 plays roles in salt stress tolerance. We further examined the performance of GmNEK1-transgenic lines under soil salinity conditions. After treatment in saline soil for 2 weeks and recovery for 3 weeks, the GmNEK1-overexpressing transgenic lines exhibited better growth and had significantly higher survival rates than the wid type (Fig. 4A, 4B) . Moreover, the survival rates of these transgenic lines are roughly correlated with the transgene expression level (Figs. 3B, 4B ). All these results indicate that overexpression of GmNEK1 confers enhanced salt tolerance in transgenic Arabidopsis plants.
Because the GmNEK1 was noticeably induced by cold treatment (Fig. 1D) , we further tested the performance of GmNEK1-transgenic plants under cold stress. As can be seen in Fig. 4C (upper panel), the plants without cold treatment were growing well. After treatment at -6 C, the GmNEK1-overexpressing plants exhibited better growth and significantly higher survival rates than the wild type (Fig. 4C, lower panel, and D) , indicating that GmNEK1 also confers improved cold tolerance in transgenic Arabidopsis plants.
Based on transcriptome sequencing and real-time quantitative reverse transcription-PCR (qRT-PCR) analysis, three stress-related genes, i.e. AtRH3 (AT5G26742), CORI3 (AT4G23600) and ALDH10A8 (AT1G74920), were found to be distinctly up-regulated in the GmNEK1-overexpressing plants (Fig. 4E) , suggesting that GmNEK1 may function through activation of these genes to enhance plant tolerance to salt and cold stress.
Overexpression of GmNEK1 in soybean hairy root enhances plant tolerance to salt stress Since overexpression of GmNEK1 in Arabidopsis noticeably improved plant tolerance to salt stress, we explored the role of GmNEK1 in soybean plant using the Agrobacterium rhizogenesmediated hairy root transformation system. Under normal growth conditions without salt stress, the soybean plants with transgenic hairy roots grew well (Fig. 5A, left panel) . Under 80 mM NaCl treatment, all plants exhibited the stressed phenotype (withered and wrinkled leaves and inhibited root growth); however, the performance of soybean plants with GmNEK1-overexpressing hairy roots (GmNEK1-OHRs) was better than the performance of plants with control hairy roots (CHRs) (Fig. 5A-C) . In contrast, the GmNEK1-RHR (GmNEK1-RNAi hairy roots) plants were slightly more affected than the CHR plants (Fig. 5A-C) . The root elongation, shoot elongation and shoot weight of these plants were also measured, and the levels of these parameters for GmNEK1-OHR plants were all significantly higher than those of the CHR plants after salt treatment, while the levels of these parameters from the GmNEK1-RHR plants were lower than those of the CHR plants (Fig. 5D) . These data suggest that GmNEK1 also positively regulates salt tolerance in soybean plants. It should be noted that, in the GmNEK1-RHRs, while the expression of GmNEK1 was substantially down-regulated (Fig. 5C) , the other GmNEK genes were not significantly affected except for GmNEK5, which was slightly down-regulated ( Supplementary  Fig. S7 ), indicating that the RNA interference (RNAi) was specific for GmNEK1.
We further examined the expression pattern of the three altered genes (Fig. 4E ) in soybean plants with transgenic hairy roots by qRT-PCR. In soybean, the homologous genes were identified as GmRH3 (Glyma.19G223600), GmCORI3 (Glyma.12G205900) and GmALDH10A8 (Glyma.06G186300). As can be seen from Fig. 5E , the expression of all three genes was increased in the GmNEK1-OHRs but decreased in the GmNEK1-RHRs compared with that in the CHRs (Fig. 5E) . These results suggest that GmNEK1 confers stress tolerance in soybean at least in part through up-regulating the expression of RH3, CORI3 and ALDH10A8 (Fig. 5E) .
Overexpression of the GmNEK1-up-regulated gene GmRH3 in soybean hairy root improves plant salt tolerance Among the three genes up-regulated by GmNEK1, RH3 encodes a chloroplast-localized RNA helicase and has been reported to be involved in ABA biosynthesis and stress response in Arabidopsis (Lee et al. 2013 , Gu et al. 2014 . Although RH3 in Arabidopsis and maize was mainly expressed in leaf (Asakura, et al. 2012 , Lee et al. 2013 , the transcript of GmRH3 in soybean could be detected in the whole seedlings including root, stem and leaf ( Supplementary Fig. S8 ), and could be induced by salt treatment in the soybean hairy root (Fig. 6C) . Therefore, the role of the homologous gene GmRH3 in soybean response to salt stress was explored using the A. rhizogenes-mediated hairy root transformation system. Under normal conditions, all soybean plants harboring different transgenic hairy roots grew well, showing normal hairy roots and shoots (Fig. 6A, left panel) . After salt treatment, the GmRH3-OHR plants exhibited healthier leaves, a longer root, a longer shoot and a higher shoot fresh weight compared with the control plants, whereas the GmRH3-RHR plants howed the opposite phenotype (Fig. 6) . These data revealed that overexpression of GmRH3 in soybean hairy roots enhanced plant tolerance to salinity, while suppression of GmRH3 decreased salt tolerance, indicating a positive role for GmRH3 in plant response to salt stress.
Discussion
In the present study, eight NEK family members from soybean were characterized in transgenic Arabidopsis, and only GmNEK1 was found to play positive roles in plant growth and stress tolerance. As shown in the phylogenetic analysis ( Supplementary Fig. S1 ), GmNEK1 is not clustered with AtNEK6, which improves stress tolerance in transgenic Arabidopsis plants . Meanwhile, three NEK members from soybean (GmNEK14, 15 and 16), which are closely related to AtNEK6, showed no obvious effects on plant growth and stress response when overexpressed in Arabidopsis. These data suggest that different plants may adopt different NEK members for promotion of leaf growth and stress tolerance. The reason may be that the soybean, after long-term selection during domestication, acquired such specificity. Alternatively, as an ancient polyploid, the soybean genome has been subjected to duplication, leading to multicopied genes, gene diversification and genome rearrangement (Schmutz et al. 2010) . It should be noted that although the expression of the eight selected GmNEK genes was induced by salt and cold treatments, only GmNEK1 confers enhanced tolerance to salt and cold stress in transgenic Arabidopsis (Supplementary Fig. S6 ). This may have arisen from the stronger induction of GmNEK1 than the other GmNEK genes or that the effects of other GmNEK members are too weak to be detected under our experimental conditions. In Arabidopsis, besides the roles of AtNEK6 in plant growth, seed size control and stress tolerance, AtNEK7 overexpression led to leaf rolling, and AtNEK2 may be involved in seed size control . From these data, we propose that different NEK members from different plant species may evolve divergently to regulate different biological processes. It would be worthwhile to generate stable transgenic soybean plants for the soybean NEK genes in order to observe the phenotypic change during the whole life cycle.
The transcripts of GmNEK1 are most abundant in leaf compared with other organs. Correspondingly, GmNEK1 confers improved leaf growth when overexpressed in Arabidopsis. For stress treatments, all data are means ± SD (n = 3 and each has>20 plants). Asterisks indicate significant differences (t-test; **P < 0.01). (E) Transcript levels of stressrelated genes (CORI3, RH3 and ALDH10A8) in GmNEK1-OE and WT plants. Relative transcript levels were detected by qRT-PCR. Values are normalized to ACTIN2 and shown as means ± SD (n = 4). Each experiment was performed at least three times with similar results, and one of them is shown.
As there is no significant difference in leaf cell area between GmNEK1-overexpressing plants and the wild type, we predict that GmNEK1 affects leaf growth mainly through control of cell proliferation. Like the function of Arabidopsis NEK6 in our previous study ), GmNEK1 may also promote cell proliferation by enhancing the expression of CYCB1;1 and CYCA3;1 (Fig. 3) . Considering that some cell cycle regulatory genes are stress inducible and may contribute to plant adaptation to stresses (Burssenset al. 2000 , West et al. 2004 , Huang et al. 2008 , both GmNEK1 and AtNEK6 may function through cyclin-dependent cell cycle regulation to enhance plant adaptive growth under stresses. In addition, GmNEK1 may also activate the expression of an auxin response factor gene ARF7, CYTOKINESIS-DEFECTIVE 1 (SCD1), a ubiquitin-specific protease gene UBP15 and CHROMATIN REMODELING COMPLEX SUBUNIT R 3 (CHR3) in transgenic Arabidopsis plants to promote leaf growth. It is worth mentioning that, through the A. rhizogenes-mediated hairy root transformation system in soybean, GmNEK1 could only be overexpressed in hairy root. The localized overexpression of GmNEK1 in root led to its insignificant influence on the growth of the whole plant in transgenic soybean. Generation of stable transgenic soybean plants for GmNEK1 will be valuable for verifying the function of GmNEK1 in soybean growth control.
Among the genes affected by GmNEK1 in transgenic Arabidopsis, three stress-related genes, i.e. RH3, CORI3 and ALDH10A8, were confirmed to be substantially up-regulated by GmNEK1 in both transgenic Arabidopsis plants and soybean transgenic hairy roots. AtRH3 encodes a chloroplast-localized DEAD-box RNA helicase, which is essential for intron splicing and plays an important role in plant growth and stress response (Gong et al. 2005 , Barak et al. 2014 , Gu et al. 2014 , Yang et al. (E) Expression level of downstream genes (GmCORI3, GmRH3 and GmALDH10A8) in GmNEK1-OHR and GmNEK1-RHR soybean plants revealed by qRT-PCR. For all qRT-PCRs, values are normalized to tubulin beta1 and shown as means ± SD (n = 4). For measurements of root elongation, shoot elongation and shoot weight, values are means ± SD (n > 30). Asterisks indicate significant differences (t-test; *P < 0.05; **P < 0.01). Each experiment was performed at least three times with similar results, and one of them is shown.
2014, Zhu et al. 2015) . CORI3 encodes a tyrosine transaminaselike protein which is uniquely stress regulated in salt overly sensitive mutants as reported (Gong et al. 2001 ). ALDH10A8 encodes a betaine aldehyde dehydrogenase which is necessary for glycine betaine biosynthesis and positively regulates plant response to stress (Missihoun et al. 2011 , Tang et al. 2014 , Missihoun et al. 2015 . Moreover, overexpression of GmRH3 in soybean hairy roots distinctly improved plant growth under saline conditions, while suppression of GmRH3 just led to the opposite effects (Fig. 6) , demonstrating the positive role of GmRH3 in soybean tolerance to salt stress. Consistent with this, mutation of the AtRH3 gene led to retarded growth and hypersensitivity to cold and salt stress in Arabidopsis (Gu et al. 2014) . These results provide another possibility that GmNEK1 co-ordinates plant growth and stress response at least partially through up-regulation of RH3 in soybean. As a NIMA-related kinase, GmNEK1 seems unable to regulate the transcription process of RH3 directly. It is more likely that GmNEK1 indirectly affects the expression of RH3 through regulating the activity of some relevant transcription factors, and further experiments are needed to uncover the regulatory pathway.
Co-localization of GmNEK1 and TUB6 at the cytoskeleton provides a clue that GmNEK1 may participate directly in microtubule-related mitotic events, just like the NEK family in fungi and animals. It is well established that various kinds of stresses lead to microtubule reorganization and depolymerization which is critical for stress resistance (Khatri and Mudgil 2015) . Microtubules play important roles in response to Values are means ± SD (n > 30). All experiments were performed at least three times with similar results, and one set of them is shown. Asterisks indicate significant differences (t-test; *P < 0.05).
phytohormones and stress under the regulation of membranetethered and membrane-associated proteins and lipids (Shi et al. 2011, Zhang and Zhang 2016) . In addition, microtubules are important for plant cell wall extensibility, which is related to cell growth (Cosgrove 2016) . Previous studies revealed that Arabidopsis NEK6 controls cellular morphogenesis through its kinase activity and association with microtubules (Motose et al. 2008) . Arabidopsis NEK6, NEK4 and NEK5 interact with each other to regulate directional cell growth and microtubule organization during epidermal cell expansion (Motose et al. 2011) . It is probable that NEK members in plant have evolved novel functions to regulate cell growth and stress responses through controlling cell morphogenesis and expansion, that are mainly mediated by b-tubulin phosphorylation and microtubule destabilization (Takatani et al. 2015) . From these results, we propose that GmNEK1 may have a similar function to the Arabidopsis NEK family in co-ordinating plant growth and stress response, possibly through its kinase activity and association with microtubules. However, this speculation needs to be validated by further experiments.
As we know, growth and stress response are two inseparable biological processes in plants. Abiotic stresses such as salinity, drought and cold usually lead to retarded seedling growth or even death, and maintaining a life-sustaining growth rate is then critical for plants to survive during these stresses. In this study, we discovered that GmNEK1 participates in both plant growth and stress adaptation, indicating possible roles of GmNEK1 in co-ordination of the two biological processes under adverse conditions. On one hand, like NEK6 in Arabidopsis, GmNEK1 may indirectly up-regulate the expression of some cell proliferation-related genes such as CYCB1;1 and CYCA3;1 to maintain a life-sustaining growth under adverse conditions. Simultaneously, some stress tolerance-related genes such as RH3 are activated by GmNEK1 to enhance plant tolerance to stresses. On the other hand, GmNEK1 may directly participate in microtubule reorganization under stress conditions, which will facilitate plant adaptive growth under adverse environments.
In summary, the novel plant NEK family member GmNEK1 plays major roles in co-ordinating plant growth and stress response, probably through activation of RH3 and some other downstream genes. Manipulation of GmNEK1 and GmRH3 may improve growth of soybean and other crops under adverse environmental conditions.
Materials and Methods
Plant materials and stress treatments
Arabidopsis thaliana (Col-0) seeds were sterilized and plated on 1/2 MS medium. After stratificationat at 4 C for 3 d, plates were placed at 23 C with a photoperiod of 16 h light/8 h dark for plant growth.
Seeds of wild-type soybean (Glycine max L., cultivar Kefeng No.1) were sown in soil and grown at 25 C with a photoperiod of 16 h light/8 h dark. Roots, stems, leaves, flowers and seeds from adult plants were collected to detect the expression of GmNEK family genes in different organs. To analyze the expression pattern of different GmNEK members under various stress treatments, 2-weekold soybean seedlings were treated under salt (200 mM NaCl), drought (on filter paper at 70% humidity) and cold stress (4 C), and materials including roots, stems and leaves were collected at different time points for detection of the expression level of GmNEK genes.
Subcellular localization analysis of GmNEK1
The coding sequence of GmNEK1 was amplified by PCR and ligated into gateway vector pGWB454 under the control of the Cauliflower mosaic virus (CaMV) 35S promoter and fused with RFP at the C-terminus. GmNEK1-RFP and a tubulin localization marker GFP-TUB6 (kindly provided by Professor ZhaoSheng Kong, Institute of Microbiology, Chinese Academy of Sciences) were co-transformed into Nicotiana benthamiana leaves by agroinfiltration (Agrobacterium tumefaciens, GV3101) as described previously . After expression for 3 d, the fluorescence signals of GmNEK1-RFP and GFP-TUB6 fusion proteins in epidermal cells were detected under laser scanning confocal microscopy to visualize the subcellular localization of GmNEK1 and TUB6.
Generation of GmNEK-transgenic Arabidopsis plants and phenotype analysis
The coding sequences of GmNEK genes were amplified by PCR with the primers listed in Supplementary Table S1 and ligated into pBIN438 vector under the control of the CaMV 35S promoter for overexpression in plants. Transgenic Arabidopsis were generated by A. tumefaciens (GV3101)-mediated transformation using the floral dip method according to previously described procedures (Zhang et al. 2006) . For each GmNEK gene, three transgenic lines with different gene expression levels were selected from >20 lines for further investigation.
To detect plant tolerance to salt stress, 5-day-old Arabidopsis seedlings were transferred to 1/2 MS medium containing 150 mM NaCl. After treatment for 3 d, survival rates of different Arabidopsis lines were calculated. For treatment in saline soil, 10-day-old Arabidopsis seedlings were transplanted to soil saturated with 200 mM NaCl. After treatment for 3 d, the saline soil was dialyzed against water to remove salts for growth recovery and the survival rates were calculated after 2 weeks. To determine plant cold tolerance, wellgrown 10-day-old Arabidopsis seedlings in pots were treated at -6 C for 1 d and recovered under normal conditions for 2 weeks, and then the survival rates were calculated. The wild-type Arabidopsis Col-0 was used as a control in all the treatments. To investigate leaf epidermal cells, the sixth true leaves of 3-weekold seedlings were detached for SEM analysis and the epidermal cell areas were calculated as described previously .
Generation of soybean plants with transgenic hairy roots and their performance under stress conditions
Construct pBIN438-GmNEK1 for gene overexpression in Arabidopsis was also used for generation of GmNEK1-overexpressing soybean hairy roots. For gene suppression analysis, cDNA fragments from GmNEK1 or GmRH3 were amplified by PCR with the primers listed in Supplementary Table S1 . For each gene, the fragment was ligated into RNAi vector pZH01 in an inversely oriented manner. Then, transgenic hairy roots were generated from soybean plants by A. rhizogenes (K599)-mediated transformation according to previously described procedures (Kereszt et al. 2007 .
To examine performances of soybean plants with transgenic hairy roots under abiotic stress, 3-week-old soybean seedlings with only transgenic hairy roots (the original roots were cut off) were immersed in water for 3 d, and then transferred to 80 mM NaCl and treated for 3 d. The hairy root length was measured before and after treatment, and root elongation was calculated. For observing phenotypes under long-term salt treatment, fertilizer (pulifeng) was added weekly to provide nutrition for plants.
Real-time quantitative reverse transcription-PCR
Total RNA was extracted from soybean seedlings, Arabidopsis or hairy roots using Trizol solution (Invitrogen) and reverse-transcribed to cDNA using ReverTra Ace Õ qPCR RT Master Mix with gDNA Remover (TOYOBO) for qRT-PCR detection of the gene expression level. All primers used in qRT-PCR analysis are listed in Supplementary Table S2 . The tubulin beta1 and ACTIN2 genes were used as the endogenous control in soybean and Arabidopsis respectively. qRT-PCR was performed on a Roche LightCycler 480 II using the Thunderbird SYBR Green qPCR Mix (TOYOBO). The gene expression level was quantified by the comparative cycle threshold method with four replicates (Wittwer et al. 1997) .
Supplementary data
Supplementary data are available at PCP online. 
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